ABSTRACT Pseudaletia unipuncta (Haworth) is a pest in Azorean pastures that causes up to 8% yield loss mainly during summer and early autumn. The objective of this research was to develop robust sampling plans based on larval spatial distribution. The number of larvae in three 60-m 2 plots on S. Miguel Island (Azores) was determined. Plots of 0.25 m 2 were the most accurate unit for estimating the population size. The relationship between mean and variance Þtted both TaylorÕs power law and IwaoÕs patchiness regression model. Relationships to determine optimum sample sizes for Þxed levels of precision based on both models were developed, but demanded a heavy sampling cost for the usual precision values (0.1Ð 0.25). To reduce sampling effort, two sequential sampling plans were developed and compared, one based on TaylorÕs parameters and the other based on IwaoÕs parameters. For a precision of 0.25, TaylorÕs sequential sampling plan led to an average 76% reduction of the sampling effort compared with sample sizes estimated for Þxed levels of precision. Simulations of IwaoÕs sequential sampling plan applied to larval counts correctly predicted a "treat" or "not-treat" decision for 91% of the cases. However, this plan estimated Þeld densities with a lower degree of precision than TaylorÕs plan and required a considerable increase in sampling effort for larval densities close to the critical mean. Use of TaylorÕs sequential sampling plan should provide effective management of P. unipuncta in grass pastures and minimize sampling time and cost.
(Lepidoptera: Noctuidae), a cosmopolitan and seasonal migrant species, is an important pest of cereal and forage crops in North America (Breeland 1958 , Guppy 1961 , Fields and McNeil 1984 , McNeil 1987 , 2000 and Europe (Bues et al. 1986 ). It is a serious pest of grass pastures in the Azores archipelago, where it overwinters successfully. Larval infestations occur mainly in summer and early autumn, sometimes reaching epidemic levels requiring the use of insecticides (Tavares 1989 , Vieira 1992 , Vieira et al. 1994 , Oliveira 1996 . Damage is estimated at 8% of the annual vegetal production, valued at EUR Þve million, a considerable economical loss to regional agriculture (Tavares 1989 (Tavares , 1992 . A program for the biological control of this pest was initiated in 1988, and since then, a number of different studies have been done (e.g., Oliveira et al. 1999 , Medeiros et al. 2000 , Vieira 1999 , 2000 .
Successful integrated pest management (IPM) programs should provide adequate tools to restrict P. unipuncta infestations to within certain limits, usually below an economic threshold. This demands the establishment of an adequate sampling plan, which is usually affected by the insectÕs spatial pattern (Taylor 1961 , Kuno 1991 , Ho 1993 .
In North America, the spatial distribution of armyworm has been studied on small grains (Untung 1978) and on no-till corn (Laub and Luna 1991) , and a sequential sampling plan was developed on small grains (Coggin and Dively 1982) .
In the Azores, adult armyworm abundance was evaluated using light traps (Tavares 1989 , Vieira et al. 1994 ) and pheromone traps (Tavares 1989 , Vieira et al. 1990 ). Larval abundance was quantiÞed by a weekly contingent sampling (Tavares 1989 , Oliveira 1996 , Silva et al. 1996 . However, questions remain about the sampling effort needed to accurately estimate armyworm population densities, because a contagious distribution of larvae is commonly found (Silva et al. 1996) . Such deÞciencies in our current sampling plan have hampered assessment of the effect of natural enemies and chemical treatments. Furthermore, estimation of an optimal sample size should include both reliability and cost effectiveness (Ho 1993 ).
To date, there are no effective distribution and sampling plans for larval populations of P. unipuncta in Azorean pastures. The objectives of this study were (1) to estimate optimal sample size for Þxed precision levels and (2) to develop and validate sequential sampling plans using TaylorÕs model parameters and IwaoÕs patchiness regression parameters. This approach would allow to devise an appropriate sampling plan, where less cost (both in time and money) would be incurred, reducing sampling effort but achieving the level of precision needed for practical management decisions.
Materials and Methods
Sampling Unit. Armyworm populations were sampled in three different Þelds at Relva (altitude 100 m), Piquinhos (250 m), and Lazeira (500 m) on São Miguel Island in July 1994. The pastures were dominated by Lolium perenne L., Holcus lanatus L., Bromus willdenowii L. (Poaceae), and Trifolium repens L. (Fabaceae). The number of larvae was counted at 240 adjacent 0.25-m 2 samples in each Þeld. Different numbers of adjacent plot samples were combined to simulate 24 different sampling units: 1 ϫ 1 (0.5 m hori- Fig. 1 . Linear regression of log variance on log mean densities of P. unipuncta larvae in Azorean pastures using TaylorÕs power law model (see text for details): y ϭ 1.30x ϩ 0.25, r 2 ϭ 0.91. zontal by 0.5 m vertical), 1 ϫ 2, 1 ϫ 4, 1 ϫ 8, 2 ϫ 1, 2 ϫ 2, 2 ϫ 4, 2 ϫ 8, 3 ϫ 1, 3 ϫ 2, 3 ϫ 4, 3 ϫ 8, 5 ϫ 1, 5 ϫ 2, 5 ϫ 4, 5 ϫ 8, 6 ϫ 1, 6 ϫ 2, 6 ϫ 4, 6 ϫ 8, 10 ϫ 1, 10 ϫ 2, 10 ϫ 4, and 10 ϫ 8. For each sampling unit, mean (m), SE, and the level of precision deÞned as the SE divided by the mean (C) were calculated. Determination of Optimal Sample Size. Sixty 0.25-m 2 samples were taken weekly from July to October 1994 in three pastures at different altitudes in São Miguel island (Altiprado, Arribanas, and Lagoa do Congro). Commonly used indices were calculated to describe the distribution of P. unipuncta larvae (i.e., negative binomial distribution, TaylorÕs power law, and IwaoÕs patchiness regression). Larval distributions were Þtted to negative binomial distributions. The parameter k was calculated using the maximum likelihood method (Sherrer 1984) , and the Þtness of the sample data to the negative binomial model was examined by the 2 test for goodness-of-Þt (Zar 1996) . We also estimated dispersion indices using TaylorÕs power law (s 2 ϭ a ϫ m b ), which relates variance to mean density, where a is a scaling factor related to sample size and b is a measure of aggregation (Taylor 1961 , Southwood 1978 , Ho 1993 , Walker and Allsopp 1993 , Hamilton et al. 1998 (Walker and Allsopp 1993) . The parameter A is considered as the basic unit of aggregation and B as the density-contagiousness coefÞcient, describing how individuals distribute themselves.
The required reliability of the estimated density can be set as a fraction of the sample mean, D, usually ranging from 0.10 to 0.25 in terms of pest management programs (Southwood 1978 , Walker and Allsopp 1993 , Hamilton et al. 1998 . We used values of D ranging from 0.1 to 0.4, following Ho (1993) . Using the formula for a constant s 2 /m, derived from the equation for the SE, the optimal number of samples is estimated by n ϭ
, where t ␣/2 is given by StudentÕs distribution for the required conÞdence (1 Ϫ ␣). Because s 2 /m was not constant (see Results), we replaced Sequential Sampling. Two sequential sampling plans were developed: (1) one based on Þxed-precision-level stop lines using TaylorÕs parameters (Walker and Allsopp 1993, Hamilton et al. 1998) ; and (2) one using IwaoÕs sequential tests based on patchiness regression parameters (Iwao 1975, Macedo and Torres 1994) . Substitution of the variance as expressed by TaylorÕs power law into the sequential estimation method, developed by Green (1970) , allows the calculation of critical stop lines using the formula:
where T n is the cumulative number of larvae. We used two values of D, 0.10 and 0.25; the latter allows detection of doubling or halving of sample means (Southwood 1978) , whereas the former would be useful in detecting smaller changes in ecological studies (Walker and Allsopp 1993) . IwaoÕs sequencial test is based on the patchiness regression parameters and on the critical mean density (m c ), above which the population requires control measures (Iwao 1975, Macedo and Torres 1994) , which was estimated at 10 larvae per 0.25 m 2 by Tavares (1989) . IwaoÕs sequential tests were based on the following upper (N u ) and lower (N l ) boundaries around the threshold (for 1 Ϫ ␣ ϭ 0.95):
where i is the number of samples (Iwao 1975) . Sequential sampling plans were evaluated by a combination of bootstrap and Monte Carlo techniques for resampling of Þeld data. We used 45 data sets taken at Altiprado, Arribanas, and Lagoa do Congro, from July to October 1995, including 15 sets per site and 60 random 0.25-m 2 samples per set. Each data set was resampled 500 times, and the mean number of samples needed was calculated, as well as the corresponding precision, following Naranjo and Hutchison (1997) . For IwaoÕs sequential sampling plan, we also calculated the probability of taking correct, incorrect, or no decision regarding the application of chemical treatments, following Burkness et al. (1999) . This analysis was not applied to TaylorÕs plan because the model doesnÕt include critical mean density (Walker and Allsopp 1993, Hamilton et al. 1998) .
Results
Sampling Unit. The maximum mean density (larvae/m 2 ) of P. unipuncta ranged from 6.05 (Lazeira) to 12.17 (Relva) ( Table 1 ). The analysis of both SE and C showed that the 1 ϫ 1 sampling unit (i.e., 0.25 m 2 ), which is the smallest practical unit for counting larvae in the Þeld, is the most dependable for estimating larval populations in the sampled Þelds (Table 1) .
Determination of Optimal Sample Size. Distribution of P. unipuncta larvae in Azorean pastures Þtted TaylorÕs power law (r 2 ϭ 0.91) and IwaoÕs patchiness regression model (r 2 ϭ 0.94; Figs. 1 and 2 ). The negative binomial model is not applicable because a Taylor-type relationship between mean and variance implies that the k of the negative binomial is not constant (Taylor et al. 1979) . In fact, estimates of the negative binomial parameter k ranged from 0.3 to 10. Thus, we opted to determine optimal sample size based on TaylorÕs and IwaoÕs models.
The optimal sample size based on TaylorÕs model for a precision of 0.25 ranged from 289 to 11, depending on the mean (Table 2 ). Higher precision implied a considerable increase in sampling effort, particularly for low densities. Optimal sample size based on IwaoÕs model further increased the sampling effort, particularly for lower means (Table 2) . Taking into account a desired accuracy of 0.25, the sampling effort needed for mean values around the economic threshold (10 larvae/sample) would be of Ϸ22 samples for both models (Table 2) .
Sequential Sampling. Figure 3 shows the critical stop lines based on TaylorÕs law for Þxed-precision (D ϭ 0.10 and 0.25) estimation plans developed for larvae (a ϭ 1.78, b ϭ 1.30) . At low population levels, a maximum of 108 samples are needed to estimate larval densities; however, at high densities (i.e., 19 larvae per sample), the number of samples needed drops to four (Table 3) . Figure 4 shows the sequential graph with decision lines for control measures based on IwaoÕs patchiness regression parameters (A ϭ 0.86, B ϭ 1.17). This information indicates when to stop sampling and supports a decision to "treat" or "not-treat," based on the cumulative number of larvae. In addition, Table 4 shows that relatively fewer samples are required when the population is either low (Ͻ5/0.25 m 2 , population not requiring control) or high (Ͼ10/0.25 m 2 , population requiring control), but more samples are necessary (to make a decision) when the population density is intermediate (i.e., between 5 and 10 larvae).
Validation of the two plans using resampling for evaluation of sample plans software showed TaylorÕs stop lines to estimate Þeld densities within the speciÞed precision level (D ϭ 0.25; Table 3 ). Globally, the precision varied from 0.17 and 0.37 with a similar pattern for the three sampled Þelds. The simulations also accurately estimated density (Ϯ95% CI) for larvae compared with actual sample estimates (Table 3) .
However, IwaoÕs sequential sampling plan estimated Þeld densities with a low degree of precision (Table 4) . Simulations of IwaoÕs sequential sampling plan were applied to larval counts and correctly pre- dicted a "treat" or "not treat" decision for 91% of the cases. In particular, larval populations were correctly classiÞed as below the threshold on 39 (86.7%) of the cases, when larval densities were relatively low. Correct decisions to treat occurred 53Ð100% of the time at Lagoa do Congro and 72Ð100% of the time at Arribanas, when population densities are close to the threshold (Table 4) . Furthermore, when the mean density is very close to the threshold at Arribanas (week 30) and Lagoa do Congro (week 34), no decision was taken 14 and 11% of the time, respectively.
For a precision of 0.25, TaylorÕs sequential sampling plan leads to an average reduction of the sampling effort of 75.7% (ranging from 69.2 and 84.1%) compared with relationships to determine optimum sample sizes for Þxed levels of precision (Tables 2 and 3 ).
Discussion
The 0.25-m 2 sampling unit currently used to assess P. unipuncta larval populations in Azorean pastures is the smallest practical unit for sampling in the Þeld and also the most dependable.
Pseudaletia unipuncta larval distribution in Azorean pastures Þtted TaylorÕs power law and IwaoÕs patchiness regression model. Because k for P. unipuncta larval populations varied considerably, optimum sample sizes were estimated using TaylorÕs and IwaoÕs models; both are commonly employed for other insect species (Ho 1993 , Cho et al. 1995 , Sorenson et al. 1995 , Strong et al. 1997 . However, optimal sample size for a Þxed precision level demanded a considerable effort, particularly for low larval densities. Taking into account a desired accuracy of 0.25, used by several authors in similar studies (e.g., Southwood 1978 , Walker and Allsopp 1993 , Hamilton et al. 1998 , the sampling effort needed for mean values around the economic threshold (10 larvae/sample) was Ϸ22 samples for both models. Alternatively, sequential sampling plans lead to a reduction in sampling effort when compared with Þxed precision models. The sequential plan based on TaylorÕs model allowed sampling with a precision close to that initially selected, as shown by resampling validation. IwaoÕs sequential sampling plan includes the economic threshold and globally reduced the sampling effort but also involved the use of lower precision levels. Furthermore, this model required a considerable increase in sampling effort for larval densities close to the critical mean, leading to frequent decision errors. Thus, in the case of P. unipuncta, application of the sequential sampling plan based on TaylorÕs model was more robust and practical than that based on IwaoÕs model. In fact, the former allowed an average reduction in sampling effort of 75.7% compared with sample sizes estimated for Þxed levels of precision. This percentage is about double that obtained by Coggin and Dively (1982) for this pest in small-grain crops.
None of the sampling programs developed for wheat and cornÞelds, proposed by Untung (1978) , Coggin and Dively (1982) and Laub and Luna (1991) , were appropriate for larval populations in Azorean pastures.
Our results show that the sample size (20 random samples of 0.25 m 2 each) typically used to estimate larval densities in the Azorean pastures might fail to achieve the expected precision (0.25). This could occur specially when larval density is low both during the cold season and in summer droughts (Silva et al. 1996 , McNeil et al. 2000 , Vieira 2000 .
The sampling programs presented here, especially TaylorÕs sequential sampling plan, should provide effective management of P. unipuncta in grass pastures and minimize sampling time and cost. In particular, to estimate larval densities during spring and summer in a weekly basis, TaylorÕs sequential sampling plan is recommended. To use this sampling plan, the sampler accumulates larval counts as each 0.25-m 2 random plot is sampled. After each plot is sampled, the cumulative count is compared with the graph, leading to a decision to continue or not to continue sampling. When the stop line is crossed, sampling stops. The cumulative count can then be converted to a density and compared with the economic threshold (10 larvae/sample).
Moreover, this type of sampling coupled with monitoring of adults, using sexual and/or blacklight traps, could be the basis for the establishment of an IPM program that would allow the prediction of P. unipuncta outbreaks, which would contribute to a reduction of insecticide applications and prevention of yield losses. 
